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Structure of very early protein folding intermediates: new
insights through a variant of hydrogen exchange labelling
Sharon T Gladwin and Philip A Evans
Background: Hydrogen exchange labelling has been a key method in
characterizing the structure of transient folding intermediates. In studies of
several proteins, however, there has been clear spectroscopic evidence for
partial folding of some kind at very early times, before any protection from
exchange was measurable. These results, presumably a consequence of limited
stability of specific backbone interactions, have made it difficult to assess the
extent of native-like folding in the very early intermediates. We have used a
variant of the labelling method to investigate marginally stable structures formed
within the first few milliseconds of refolding of two such proteins, hen lysozyme
and ubiquitin.
Results: In lysozyme, population of a subset of native-like secondary structures
on this timescale is revealed, thus reconciling the exchange behaviour with
circular dichroism measurements and confirming the significance of the rapidly
formed embryonic structure as a foundation for the subsequent folding pathway.
In the case of ubiquitin, by contrast, no significantly protective structure was
detectable, suggesting that here secondary structural elements can be
populated only marginally ahead of the major cooperative folding event; this was
also supported by stopped-flow circular dichroism measurements. 
Conclusions: The hydrogen exchange approach can be extended to probe the
formation of native-like structure formed in very early folding intermediates, even
when the stability of specific interactions is marginal. In the case of lysozyme, this
has provided a new window on an early stage of organization of the -helical
domain.
Introduction
Early folding events may be crucial for directing a globular
protein efficiently toward its native structure, but while
many methods are available that can demonstrate that
something is happening within the dead time of a
stopped-flow experiment, for example, it is much more
difficult to pin down the nature of the particular interac-
tions involved [1,2]. Hydrogen exchange labelling has pro-
vided unique insights into the folding of several proteins,
but the intermediates characterized have often been
highly structured and formed relatively late in the
pathway [3,4]. Only in a few cases so far has this technique
detected significant elements of structure at the earliest
times accessible to pulsed labelling [5,6], in stark contrast
to results from, for example, circular dichroism, which
suggest that many proteins develop a substantial comple-
ment of structure on this timescale [7–9]. This paradox,
arising presumably because the structure detected spec-
troscopically is too labile to afford significant protection
from an intense labelling pulse, has meant that the rela-
tionship between the embryonic structure and the native
conformation, and thus its significance in directing subse-
quent folding events, have been unclear. 
In this paper, we investigate the issue further, using two
proteins whose folding has already been the subject of
detailed hydrogen exchange studies: hen lysozyme and
ubiquitin. The refolding kinetics of lysozyme are complex,
but in most molecules its two folding domains are not sta-
bilized in a concerted way [7,10]. Rather, the predomi-
nantly -helical domain acquires stability rapidly and often
independently, while the -sheet structure seems to
depend on cooperation with the other domain before it can
develop a stable existence. Comparative studies with
various spectroscopic probes confirmed that the intermedi-
ates detected by these experiments contain rather highly
developed, though not entirely native-like, tertiary inter-
actions [11]. Intriguingly, however, these spectroscopic
studies also showed that sidechain interactions, as well as
helix formation, were already substantial even at the earli-
est measurable times in a stopped-flow experiment, when
no hydrogen exchange protection had been evident. 
In ubiquitin, refolding appears to be more cooperative and
amide probes throughout the secondary structure become
strongly protected against exchange in a single major
phase [12], although the molecule is apparently not yet
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fully native at this stage since some amides located in
more irregular structure are protected more slowly. Again,
significant protection from exchange was not apparent
during the dead time, but evidence for population on this
timescale of an intermediate stabilized through substantial
hydrophobic interactions has been obtained from fluores-
cence and protein engineering studies of a tryptophan-
containing ubiquitin variant [13,14]. In addition, mild
denaturation and protein dissection experiments have
shown that the -hairpin and helix formed by the N-ter-
minal part of the sequence can fold autonomously [15,16],
giving rise to the suggestion that they might become orga-
nized relatively early in folding — if so, their stability
under the conditions of the hydrogen exchange experi-
ments must be too low to have permitted detection.
As it has usually been implemented, the hydrogen
exchange labelling method uses a flow-quench system to
allow folding to proceed for a measured time, which can
be varied, before rapidly labelling any exchangeable
hydrogens that remain unprotected in the species popu-
lated at that time. Typically, a rather high pH is employed
for labelling, so that base-catalyzed exchange is fast
enough to ensure complete labelling of unprotected
amides during a short pulse, and the approach can be
extended to investigate the stability of structural elements
by variation of the labelling pH [5,17]. The effective dead
time of these experiments is the shortest achievable delay
between the initial dilution step and the introduction of
the label. However, it is possible to obtain some informa-
tion about structure present at earlier times by omitting
the first stage entirely and instead introducing the label
directly in the refolding buffer [5,6]. This ‘dead time
labelling’ strategy (Fig. 1) is the basis of the work
described in this paper. 
An earlier variant, which is much more straightforward to
perform though less kinetically informative than pulse
labelling, simply sets up a competition between folding
and exchange, so that only those parts of the structure that
develop quickly (relative to the timescale of exchange)
and maintain a reasonable stability throughout folding will
resist labelling [18,19]. By varying the pH of the system,
the exchange rate can be tailored to detect structure for-
mation on a range of timescales. The dead time labelling
experiment effectively combines aspects of the competi-
tion and pulse types of experiment: a competition with
hydrogen exchange is set up at the start of folding, but in
this case the labelling pH is maintained only very briefly
before exchange is quenched by acidification, while
folding proceeds to completion (Fig. 1). By comparing the
pH dependence of labelling with that predicted for a
random coil, it is possible to deduce the presence of pro-
tective structure during a labelling pulse of just a few mil-
liseconds. If the kinetics of the later stages of protection
have been characterized through conventional pulsed
labelling, it is possible to separate out the contribution of
these events to any protection observed during the dead
time, thus leaving an exchange profile characteristic of the
protein at stages of folding ahead of the major events that
lead to more extensive protection. 
When partial labelling is observed in a hydrogen exchange
competition experiment, it might be due to formation of
highly protective structure on a timescale comparable to
that of exchange or to rapid formation of structure that
affords only partial protection; a limitation of the approach
is that it cannot distinguish between these cases. Rather
similar considerations apply to the dead time labelling
experiments we describe here and at this stage, therefore,
we have sought simply to detect the presence of protec-
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Figure 1
Hydrogen exchange labelling using flow-
quench instrumentation. (a) The conventional
pulsed hydrogen exchange labelling strategy
for study of the distribution of stable structure
in protein folding intermediates. The refolding
delay, t, is varied to provide a view of the
timecourse of folding; the shortest delay
available, effectively the dead time of the
experiment, is typically several milliseconds.
(b) The dead time labelling strategy for
characterizing the distribution of marginally
stable structure in early folding intermediates.
Here the labelling has to compete with the
development of structure during the first few
milliseconds of folding, before the labelling
process is quenched while folding proceeds
to completion. Varying the pH allows the
extent of exchange inhibition during the dead
time labelling pulse to be investigated as
described in the text.
Unfolded protein 
in denaturing solution
Refolding buffer
Folding begins (time t):
no labelling
Labelling buffer
Labelling
pulse
Quench buffer
Folding goes to completion:
no further labelling
Unfolded protein 
in denaturing solution
Refolding & 
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tive structure in folding intermediates populated during
the first few milliseconds of refolding, without attempting
to define more precisely the kinetics of its formation or its
subsequent stability. We describe how application of this
approach to lysozyme and ubiquitin has substantially
sharpened our picture of the properties of early intermedi-
ates in their folding.
Results
Random coil exchange kinetics
Interpretation of the dead time labelling experiments
depends on comparing the pH dependence of the extent
of labelling observed experimentally with what would be
predicted for a random coil. Since it is known that addi-
tives, such as residual guanidinium chloride, can affect
hydrogen exchange rates [20], we investigated the
exchange kinetics of a model random polypeptide under
the precise conditions of our folding experiments to
provide a suitable calibration. The exchange rate of
amides in poly-D,L-alanine was determined at a number of
pH values, under the same conditions as would prevail
during the dead time labelling phase of our refolding
experiments. The rate at pH 7.0 in 91% H2O/9% D2O
containing 0.55 M guanidinium chloride was determined
to be 11.3 ± 0.5 s–1 and a plot of log(kexchange) against pH
had a slope of unity over the pH range 5.5–8, as expected
for base-catalyzed exchange (data not shown).
Analysis of dead time labelling data
The quantitative analysis of the dead time labelling data
we have developed is intended to separate out the contri-
bution to protection arising from later events in folding, as
detected by conventional pulse labelling, in order to gain a
picture of the exchange properties of the protein in early
intermediates. In the absence of time resolution, we then
aimed as a first stage to express the corrected, overall
exchange occurring during the dead time in terms of a
single, pH-dependent, apparent rate that might be com-
pared with that anticipated for a random coil polypeptide.
This is clearly an oversimplification, since the rate is likely
to be changing during the dead time, as the protein passes
from a random coil to partially folded states. There is
insufficient information, though, to deduce either the rate
at which any protective structure is actually formed during
the dead time or its subsequent stability, so calculating
this effective exchange rate is, realistically, the best we
can do with the present data. The ratio of this effective
rate to that predicted for a random coil might be described
as a ‘protection factor’, but these are usually determined
for amides assumed to be exchanging from a single known
structural state. In the present experiments, by contrast,
this factor may be influenced by both folding kinetics and
intermediate stabilities and therefore should not be con-
sidered to be directly comparable. To emphasize this dis-
tinction, we have chosen to call this ratio a ‘dead time
exchange inhibition factor’, denoted ID.
In order to account for the effect of the later stages of
folding, we set up a simple kinetic model for the compet-
ing exchange and folding processes as they affect an indi-
vidual amide. Thus we allowed that the protein, starting
in a fully unfolded state, U, might rapidly form, during the
dead time labelling pulse, one or more partially structured
species, X, affording limited protection from hydrogen
exchange. More slowly, at a rate amenable to study by the
conventional time-dependent pulse labelling approach, a
more stable structured state, F, would become populated,
in which exchange would be negligibly slow for the
amides concerned. This might be either the native state or
a late intermediate.
fast slow
Ud Xd Fd
Uh Xh Fh (Scheme 1)
fast slow
In this scheme, we assume that, as in our actual experi-
ments, the amides in the starting denatured state are
deuterated and the label introduced in the refolding
buffer is 1H. The subscripts d and h denote that the amide
is deuterated (unexchanged) or protiated (exchanged)
respectively. Since the protection afforded by formation of
state X is not detected by the conventional, time-depen-
dent pulse labelling experiment, it must be rather limited,
either because X is actually formed at a rate that is not fast
relative to the duration of the labelling pulse (i.e. kinetic
competition between folding and exchange) or because it
has only limited stability and interconversion with U is
freely reversible. These two possible factors are not
readily distinguished, so for our purposes we use a simpler
scheme in which U and X are treated as a single popula-
tion which we will denote D. This will represent some
kind of average over the exchange properties of the
protein during the dead time labelling pulse, corrected to
remove the effects of the slower reaction that leads to the
F state. Thus, the scheme becomes:
kf
Dd Fd
kex
Dh Fh (Scheme 2)
where kf is the rate of folding from X to F and kex is the
effective exchange rate constant for the population D. 
We then assume that both folding to F and exchange are
effectively irreversible. The former is justified, at least for
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the cases described in the present work, on the basis of the
very large protection factors observed for F in the time-
dependent pulse labelling experiments [6,11]. Exchange
will truly be irreversible only if the buffer is overwhelm-
ingly protiated during the labelling pulse. In fact, the 10:1
dilution makes it only around 90% protiated, but we
correct for this implicitly by expressing the extent of
labelling relative to that which would be observed if com-
plete isotopic equilibration occurred, avoiding the need to
complicate the equations at this stage. The effective irre-
versibility of exchange means that we do not have to worry
about the kinetics of the Dh → Fh process and we can treat
the entire population of 1H-labelled molecules as a whole,
which we can denote simply h. We can then write [19]:
[Dd](t) = exp – (kex + kf)t (1)
[h](t) = (kex/(kex + kf)) (1 – exp – (kex+ kf)t) (2)
where t is the length of the dead time labelling pulse and
[h](t) is the proportion of the population that has become
1H labelled at the site in question at the end of that pulse,
which is what is measured experimentally. If kf is known
from time-dependent labelling studies, we can then calcu-
late kex. For cases such as lysozyme where there are multi-
ple kinetically distinct folding pathways, the equations
can be straightforwardly extended to take account of the
parallel folding processes involved.
Under the conditions of our experiments, where base
catalysis is the dominant exchange mechanism, the pre-
dicted random coil exchange rate for an individual amide
proton is given by equation 3:
krc = ko.10(pH–7) (3)
where ko is the random coil exchange rate at pH 7 derived
from the rate measured for poly-D,L-alanine under the con-
ditions of the experiment, suitably corrected for the effects
of sequence [21]. Thus, if we introduce ID as the dead time
exchange inhibition factor (see above), we can write: 
kex = (ko/ID).10(pH–7) (4)
This expression for kex can the be substituted back into
equation 2 to give an equation that relates the extent of
labelling observed, [h], to the pH, with the exchange inhi-
bition factor, ID, as the only unknown parameter. The
experimental pH dependencies of [h] were therefore
fitted to curves of this form to deduce the values of the
dead time exchange inhibition factors with which we are
concerned. We should note that under certain circum-
stances, deviation from this type of pH dependence would
be anticipated, for example if the stability or rate of forma-
tion of an intermediate X were itself significantly pH
dependent over the experimental range, or if exchange
from X were limited by the rate of its unfolding (i.e. EX1
kinetics). It would be expected that significant effects of
this kind would be apparent from the shape of the experi-
mental curves obtained.
pH dependence of lysozyme refolding kinetics
The analysis described above depends on knowing the
rate at which late, highly protective intermediates become
populated under the experimental conditions. Studies of
the folding of lysozyme at pH 5.3 showed that, in signifi-
cant subsets of molecules, amides of lysozyme became
effectively unexchangeable under experimentally accessi-
ble conditions with time constants of the order of 5–10 ms
[7]. These processes would be expected to make a non-
negligible contribution to the average degree of exchange
protection during a dead time labelling pulse of 3.5 ms.
Before using these kinetic data in the analysis of the dead
time labelling curves, however, it seemed prudent to
check that the kinetics were not greatly altered under the
more alkaline conditions used in the present experiments.
Intrinsic fluorescence measurements indicated that while
the rate of the final, slow phase of folding of lysozyme was
significantly pH dependent, earlier events that might be
linked to the rapid phases of protection we are concerned
with showed little variation between pH values of 6 and 10
(data not shown). As an additional check, we carried out a
partial characterization of the timecourse of protection from
exchange when folding was carried out at pH 9.2, as
described in the experimental section. The results con-
firmed that the kinetics of the fast phases of acquisition of
high level exchange protection are similar to those
observed at pH 5.3. Thus, we concluded that it was reason-
able to use the published data in correcting for these events
as part of the analysis of the dead time labelling data. 
Dead time labelling during refolding of lysozyme
Figure 2 shows the extent of exchange observed for some
representative amides of lysozyme during the first 3.5 ms
of refolding at a number of pH values. As expected, this
grows with increasing pH, as the timescale of base-cat-
alyzed exchange becomes shorter, relative to the duration
of the labelling pulse. 
The data are compared in Figure 2 with predictions, cal-
culated as described above, based on a model in which
there is no population of a partially folded X state, so that
the protein molecules behave as random coils, except for
the small proportion that undergo transition to the fully
protective F state during the dead time labelling pulse. It
is obvious that the extent of similarity between the experi-
mental data and these random coil predictions is far from
uniform. For some amides, such as Asn39 and Ser50, the
pH dependence is accounted for remarkably well by the
model, suggesting that there is indeed little protection
afforded to these amides in any early intermediates. For
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others, such as Ala11 and Trp28, however, labelling
became significant only at pH values substantially higher
than predicted. This implies that intermediates containing
protective structure in parts of the molecule are present
during the dead time, and since we have already corrected
for protection arising from the folding events characterized
in the conventional pulse labelling studies, these must
represent different, more rapidly formed species. It also
appears for both Ala11 and Trp28 that the form of the
experimental pH dependence may be more complex than
the simple sigmoid curve predicted. 
Since the data are insufficient to deal quantitatively with
the possibility of a heterogeneous population of dead time
refolding intermediates, we determined the best fitting
single phase curves, as described above, to describe the
experimental data, and these are also shown for the
selected examples in Figure 2. From this set of curves, we
calculated the dead time exchange inhibition factors, ID,
for all of the amides we could follow. As shown in
Figure 3a, these vary between about 0.5 and 16. The
values below unity presumably reflect experimental
errors, or limitations on the accuracy of the predicted
random coil rates, and suggest that deviations from the
random coil prediction of less than a factor of two should
not be taken as significant. This leaves a substantial group
of amides exhibiting ID factors that are clearly significantly
greater than unity, indicating that there is some inhibition
of exchange, presumably as a result of partial folding,
during the dead time. The extent of protection is rela-
tively modest, suggesting that the protective structured
states are either formed at a rate that is not fast compared
to the exchange rate, at least at the high pH limit, or are
rapidly interconverting with unstructured forms. 
Significant protection was not detected at all at the earliest
times accessible to conventional pulse labelling at pH 9.5
[7], allowing us to estimate an upper limit of very roughly
30 for the effective protection factors characteristic of
intermediates populated at this stage. This is clearly not
inconsistent with the range of ID values obtained in the
present experiments, confirming that there is no contra-
diction between the data. However, as discussed above,
the ID values will also tend to be diminished by the finite
rate of initial formation of the protective structure and this
contribution cannot readily be separated out, so we can
draw only the qualitative conclusion that the stability of
protective structure is very much less than in the later
intermediates populated during folding.
The variation of the ID factors with sequence forms a
striking pattern (Fig. 3): none of the probes located in the
native -sheet, or in the 310 helix adjacent to it in the -
domain, shows significant protection, suggesting that this
wing of the protein remains relatively disordered at this
time. In contrast, the majority of probes in the secondary
structure of the -domain are measurably protected,
though to varying degrees. At least one amide in each of
the four -helices and in the C-terminal 310 helix is pro-
tected, but whereas in the A-helix, for example, there
appears to be a significant effect over several residues,
only two of the amides that could be monitored in the C-
helix have ID factors larger than 3. A small group of amides
including Trp63, Cys64, Asn65 and Ile78, which in the
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Figure 2
A selection of dead time labelling data for
amides in hen lysozyme. The extent of
labelling, normalized with respect to that
expected if complete isotopic equilibration
occurred, is plotted as a function of the pH of
the dead time labelling pulse. The data have
been fitted (full lines) as described in the text
to an equation that accounts for the
contribution to protection afforded by the
early stages of slower phases of folding [7],
as well as allowing for the possibility that
there is rapid formation of more weakly
protective structure during the dead time. For
comparison, calculated curves are shown
(dotted lines), based on a model that makes
the same correction for later phases of folding
but otherwise constrains the amide to
exchange with random-coil kinetics. The
rightward shift of the experimental curve is a
measure of the extent to which exchange of
the amide is perturbed by the development of
structure in very early intermediates.
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native structure cluster in an irregular region of the struc-
ture close to the domain interface, also show substantial
dead time protection. 
Dead time labelling and CD during refolding of ubiquitin
A similar approach was taken to examine the hydrogen
exchange behaviour of amides in ubiquitin during the
dead time of a refolding experiment. The data were ana-
lyzed in the same way as for lysozyme, using the protec-
tion kinetics documented previously to correct for the
influence of later folding phases [12]. In this case, the
most remarkable feature of the comparison between the
experimental pH dependences and those predicted for a
random coil is the almost universally close agreement.
Hence, the calculated ID factors were all in the region of
1.0 (Fig. 4). Again, the fact that there is deviation over a
range of approximately a factor of 2 below unity as well as
above probably gives an estimate of the extent of uncer-
tainty in the data. 
The hydrogen exchange data thus do not reveal the for-
mation of any specific, stable secondary structure during
the dead time of refolding of ubiquitin. To investigate
this further, we carried out a comparative study of refold-
ing using far-UV circular dichroism (CD). The spectrum
of ubiquitin under the denaturing conditions employed
for these studies (Fig. 5a) clearly shows the loss of most
of the native secondary structure; NMR has also shown
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Figure 3
Effects of early folding events on hydrogen
exchange in hen lysozyme during the first
3.5 ms of refolding at 20°C. (a) Dead time
exchange inhibition factors (ID) for individual
amides plotted as a function of the protein
sequence. The data derive from best fitting
curves deriving from the model discussed in
the text and exemplified in Fig. 2. The ID
factors are corrected to remove contributions
from slower phases of folding, resolved in the
conventional time-dependent pulse labelling
studies [6], and thus values significantly
greater than unity reflect the development of
structure in early intermediates, within the
3.5 ms dead time. Where no bar is shown, no
information was obtainable, usually because
of too rapid exchange from the native state.
The native secondary structural contexts are
indicated below: the four -helices, A–D, are
denoted by boxes and 310 helical segments
are indicated by asterisked boxes. -strands
are delineated by the shaded arrow symbols.
(b) Schematic view of the native three-
dimensional structure of hen lysozyme [31], in
which the locations of amides with ID factors
greater than 3 in the dead time intermediate
are indicated by black circles. Amides
indicated by grey circles are not significantly
perturbed in their exchange at this early stage
of folding (ID < 3) but nonetheless form part of
the more rapidly protected subset in later
phases of folding [7]. Amides indicated by
white circles are not significantly protected in
the dead time and are amongst those
protected more slowly as folding progresses.
The drawing is based on an image produced
using the program RASMOL [32].
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that there is no significant population of the native state
under these conditions [12]. The spectrum is not quite
what would be expected of a fully random structure, but
it is apparent from the present data that any residual
structure must be too labile to afford measurable
exchange protection. Taking this spectrum as the start-
ing point, Figure 5b shows that on refolding the entire
expected kinetic amplitude appears to be associated with
a single phase with a time constant of 10 ± 3 ms. If any-
thing, the dead time change appears to correspond to a
loss of some of the residual dichroism of the starting
denatured state, but the data are clearly too noisy to be
sure on this point. Similar results were obtained both in a
high pH refolding buffer, as shown, and at pH 5.5. This
measured rate is very similar to that of the highly cooper-
ative folding to a near-native intermediate that gives rise
to effective protection of most amides [12]. Thus, the
exchange labelling and CD data together support the
conclusion that, during the refolding of ubiquitin under
these conditions, there is not a measurable population of
intermediates with a substantial native secondary struc-
ture content in advance of the major cooperative folding
event.
Discussion
The dead time labelling experiment
There is now ample evidence that in the folding of globu-
lar proteins there is often a very rapid accumulation of sec-
ondary structure, as revealed by circular dichroism, and of
sidechain interactions, as reflected in properties such as
altered intrinsic fluorescence or hydrophobic dye binding.
Detailed structural characterization of the interactions
involved has in general been rather limited, however,
because of the problem of finding suitable experimental
methods [1]. In consequence, the relationship between
the structure present in these early folding intermediates
and that of the ultimate, native structure is often not clear.
The results we have presented here show that the hydro-
gen exchange labelling approach can, in some cases at
least, contribute to providing the information needed to
resolve this problem.
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Figure 4
Dead time exchange inhibition factors (ID) for individual amides in
bovine ubiquitin during the first 3.5 ms of refolding at 20°C. The data
derive from best fitting curves deriving from the model discussed in the
text. These factors are corrected to remove contributions from slower
phases of folding, resolved in the conventional time-dependent pulse
labelling studies [12]. Although the values obtained are all close to 1,
they are plotted within the same ordinate range as that spanned by the
corresponding values for lysozyme (Fig. 3a), emphasizing the clear
qualitative difference between the behaviour of the two proteins.
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Figure 5
Far-UV CD studies of the reversible unfolding of ubiquitin. (a) Spectra
of bovine ubiquitin in its native state in 100 mM sodium borate buffer at
pH 8.5, 20°C (full line) and a denatured state, in 6 M GuHCl, pH 3.5,
20°C (dashed line). (b) Kinetics of refolding of ubiquitin at 20°C,
monitored by CD at 225 nm. The protein was initially denatured at a
concentration of 4 mg ml–1 in 6 M GuHCl, pH 3.5 and refolded by a
10-fold dilution with 200 mM sodium borate buffer at pH 8.5. The
negative ellipticity observed is plotted as a proportion of the limiting
value in the native state; the predicted initial value, determined from the
spectrum shown in (a), is indicated by an arrow. The data have been
fitted to a single exponential, with a time constant of 10 ± 3 ms.
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The idea of modifying the pulse labelling sequence, so
that labelling occurs during the dead time of refolding, has
been applied previously to reveal the existence of margin-
ally stable structure in early intermediates [5,6]. In the
present work, we have focused on developing this
approach further through detailed characterization of the
pH dependence of labelling and fitting of the data to a
model that explicitly takes account of the protection
kinetics resolved by conventional pulsed labelling experi-
ments to reveal an exchange profile characteristic specifi-
cally of the states of the protein populated before the
major phases of protective structure formation. Compari-
son with hypothetical ‘random coil’ exchange rates allows
us to determine dead time exchange inhibition factors that
express these effects numerically and although ambiguity
remains between the effects on these factors of the rate of
structure formation and its subsequent stability, they
nonetheless provide an invaluable glimpse of the extent to
which structural events involving specific backbone inter-
actions have begun to develop in early folding events.
One of the most striking aspects of the data is, paradoxi-
cally, the clarity with which an absence of significant pro-
tection can be revealed. Thus, for all of the amides in
ubiquitin, as well as most of those in the -domain of
lysozyme, the ID factors determined are very close to 1.
The importance of this result, quite apart from the impli-
cation of a lack of specific, stable backbone structure
involving the residues concerned, is the confidence it now
gives us in the experiment. We anticipated a number of
potential difficulties that might have been very hard to
deal with but which seem, in fact, not to have caused any
serious problems. Firstly, we had to assume that mixing is
essentially instantaneous, so that exchange can be treated
as occurring under homogeneous conditions throughout
the 3.5 ms dead time: the fact that we could rather accu-
rately predict the extent of exchange in the absence of
structural perturbations suggests that this was a reasonable
approximation in practice. Secondly, we were concerned
about the reliability of our random coil predictions, but it
turned out that by measuring a baseline exchange rate for
poly-D,L-alanine actually under the conditions of the
folding experiments and making the corrections for
sequence effects determined by Bai et al. [21], we seem to
be able to calculate these sufficiently reliably that ID
factors as small as 3 can be regarded as significant. Thus,
the contrast in those regions of lysozyme that do exhibit
partial protection seems quite dramatic in Figure 3, even
though the factors involved are typically only of around 5. 
An early intermediate in the folding of lysozyme
CD and dye-binding studies have suggested that
lysozyme has properties characteristic of a molten globule
during the first few milliseconds of folding [7,8,11]. The
secondary structure content developed during the dead
time of a stopped-flow experiment was judged to be
similar to that of the native state on the basis of deconvo-
lution of a reconstructed CD spectrum [9]; however, CD
cannot provide any evidence regarding the distribution of
this structure along the sequence and how this compares
with the native structure. The apparent absence of any
significant amide protection on this timescale led to
further uncertainty as to the specificity of the structure
detected by CD [6]. 
The dead time labelling experiments described in this
paper have now largely resolved this uncertainty: marginal
but significant protection is detectable for a subset of
amides in advance of the major phases of protection char-
acterized previously. Many of the ID factors in the dead
time intermediate are very much larger than protection
factors measured in denatured states of lysozyme [22,23],
suggesting that these effects are characteristic of genuine
folding intermediates. Hydrogen exchange experiments
can never reveal unambiguously the nature of the protec-
tive structure involved, but in this case there seems to be a
sufficiently clear relationship between the distribution of
those amides that are measurably protected and the native
secondary structure to suggest that the structure involved
is, indeed, largely native-like but constitutes only a
portion of the final secondary structure.
There is a resemblance between the subset of amides that
become measurably protected at this early stage and those
that most rapidly acquire the higher level of protection
detected in the time-dependent experiments [7]: this
includes amides in each of the four -helices, as well as
the C-terminal 310 helix, that constitute the secondary
structure of the native -domain and in the cluster of
amides located close to the Cys64–Cys80 disulphide
bridge in the -domain. This suggests that the dead time
protection reflects embryonic structure which is signifi-
cant in laying the foundations for the later stages of
folding. However, there are also some significant differ-
ences in the patterns of protection: in the later intermedi-
ates, the more rapidly protected group of amides includes
most of those in the sequences corresponding to individ-
ual helices and in some adjacent irregular regions (e.g.
Leu17 and Tyr23, in a loop between helices A and B). In
the dead time experiments, however, the development of
protection is much less uniform, suggesting that the -
domain is not yet a very cooperatively stabilized unit at
this stage. Thus, in the A-helix, there is significant protec-
tion of all of the available probes, but in the adjacent irreg-
ular loop, Leu17 and Tyr23 do not seem to become
measurably protected on this timescale, suggesting that
specific tertiary interactions are less well developed than
the kernel secondary structures. In the B-helix, there
appears to be significant fraying at the C terminus of the
native helical segment, and in the C-helix, only Cys94 and
Ala95 showed substantial inhibition of exchange. In later
intermediates, detected in the conventional time-depen-
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dent labelling experiments, the helical structure evidently
becomes more complete and the stability much greater,
while adjacent irregular structures also then begin to
develop stability. 
The parts of the molecule that form the -sheet structure
of the native state show quite different time development
of protection in folding and, in clear contrast with the -
domain, the dead time labelling experiments provided no
evidence for measurable protection in early intermediates.
The most obvious interpretation of this result would be
that this wing of the molecule remains disordered until a
late stage of folding, though we must be aware that even
with the improved sensitivity to marginal protection that
our approach provides, we can detect only structure that
provides protection for at least 60–70% of the time: thus,
we cannot exclude the possibility that native-like struc-
ture is present with a lower stability or at a rate that is not
fast relative to the length of the dead time. 
Another striking feature of the dead time protection data
for lysozyme is the apparent deviation from sigmoidal
character in the pH dependences observed for amides in
the -domain. It would be necessary to acquire more
extensive data before this could be characterized in detail,
but this clearly suggests that the model we have used to
account for the data is too simplistic. One possibility is
that intermediates are populated during the dead time
from which exchange occurs at a rate limited by the rate of
unfolding of the structure (i.e. EX1 kinetics). In that case
the extent of exchange would not be expected to be pH
dependent above a certain pH value, which could give rise
to the plateau observed in these curves; a second contribu-
tion to exchange, perhaps due to the onset of competition
with the initial folding event, would then have to be
invoked to account for the additional exchange observed
at very high pH. An alternative possibility is that the pop-
ulation of lysozyme molecules may already be structurally
heterogeneous at this early stage of folding. This would
clearly be very interesting, as kinetic heterogeneity has
been demonstrated by both hydrogen exchange and
optical techniques in the folding of this protein and it has
been suggested that intermediates populated at later
stages of folding represent kinetic traps off the direct
folding pathway [7,24]. If, therefore, the dead time
labelling can be understood in terms of structural hetero-
geneity at this very early stage, investigation of the rela-
tionship to subsequent kinetic events would obviously be
extremely interesting. 
While these results clearly suggest` that the helical seg-
ments in the -domain are largely formed in a very early
intermediate, they cannot tell us anything about the inter-
actions that provide their stability. It is clear that the
helices do not exist simply as independent structures,
since dissection studies have shown that the A- and B-
helices have little propensity to fold independently [25].
These studies did reveal a significant population of helical
structure in a peptide spanning the C- and D-helices and
the C-terminal 310 helix but this is also too limited to
account for the protection observed in the dead time inter-
mediate; there is no obvious tendency for ID factors to be
higher for amides at this end of the sequence in the dead
time intermediate (Fig. 3a). These results suggest, there-
fore, that interactions between residues remote in
sequence are already important at this stage of folding: it
seems likely that the -domain already exists as a
hydrophobically collapsed structure. We should note that
the native disulphide bonds of the lysozyme molecule are
present throughout these experiments and these undoubt-
edly play some role in assisting this early collapse;
although the protective structure is by no means all adja-
cent to cross-links, they will tend to stabilize condensed
structures in general and may be particularly important in
bringing the small cluster of -domain residues into the
subset involved in these early folding events.
Taking the ID factors from this study together with the
upper limit on the protection factors for amides in any
dead time intermediates, deduced from the conventional
pulse labelling studies, we can conclude that the stability
of the protective structure formed in the dead time inter-
mediate of folding of lysozyme is comparable to that
reflected in the exchange behaviour of equilibrium
molten globule states, including that of the homologous
protein -lactalbumin, in which helices were also promi-
nent among the protected regions [26]. A similarity is also
suggested by spectroscopic data, particularly the capacity
to induce ANS fluorescence enhancement — a widely
used diagnostic indicator of molten globule behaviour —
which is maximal at an early stage of the folding of
lysozyme [11]. These data therefore reinforce the view
that the molten globule model, based on studies of equi-
librium compact denatured states, is a useful description
of early folding intermediates rather than the later-formed
species detected in most pulse labelling studies which
appear to have, in general, structures that are substantially
more stable, specific and native-like [27]. Thus, in the
case of lysozyme, the sequence segments constituting the
-domain appear already to become largely organized,
perhaps at the level of a molten globule, during the dead
time of refolding, but at least two further stages of devel-
opment are involved in forming the precise native struc-
ture of the domain: first a consolidation manifest in the
development of a much higher level of exchange protec-
tion and then the crystallization of the detailed packing,
dependent on interaction with the rest of the molecule, as
detected by near-UV CD, for example. 
Folding mechanism of ubiquitin
No evidence for significant population of specific protec-
tive structure in advance of the major cooperative folding
Research Paper Structure of very early folding intermediates Gladwin and Evans    415
event was found in the case of ubiquitin. Again, we
cannot rule out the possibility of structure of very mar-
ginal stability on the basis of the exchange behaviour
alone, and indeed dissection studies suggest that there is
likely to be a low level of formation of these structures
under these conditions (J Mackay, BW Trotter, R Zerella,
LC Packman, DH Williams, PA Evans, unpublished
data), but the stopped-flow CD data also suggest that
there is not a substantial build-up of secondary structure
during the dead time. On the other hand, fluorescence
and protein engineering studies demonstrate that struc-
ture formation of some kind is significant on this
timescale [13,14]. It seems likely that while there may be
substantial sidechain clustering in these early intermedi-
ates, reflected in fluorescence perturbations, this does not
lead to specific stabilization of elements of native sec-
ondary structure. This contrasts markedly with the case of
lysozyme, where the near-native dichroism and substan-
tial amide protection revealed that a major part of the sec-
ondary structure is populated, albeit in the absence of
specific, native-like tertiary interactions, at an early stage
of folding. The development of stable native-like struc-
tural elements would seem, therefore, to be more depen-
dent on global cooperative interactions in the folding of
ubiquitin. This is perhaps surprising, given the evidence
from dissection studies for the autonomous folding capa-
bility of individual secondary structural units from ubiqui-
tin [16]. However, the population of these structural
elements in purely aqueous conditions is very limited, so
the results are not contradictory; the inference would
seem to be that there is not a simple relationship between
the intrinsic stability of segments of secondary structure
and the extent to which they actually become populated
in early, hydrophobically collapsed folding intermediates.
Materials and methods
Hen egg white lysozyme, bovine ubiquitin, poly-D,L-alanine (PDLA) and
guanidinium chloride (GuHCl) were obtained from Sigma Chemical
Company and used without further purification. Deuterated GuHCl was
prepared by three consecutive cycles of dissolution and lyophilization
from D2O (99.9 atom% D, Goss Scientific Ltd). All other chemicals
were of reagent grade. pH values are quoted as read from the pH
meter and have not been corrected for any isotope effects.
NMR spectroscopy
TOCSY spectra were collected using an MLEV-17 based pulse
sequence [28] for each sample on a Bruker AM-500 spectrometer. The
probe temperature was regulated at 308 K and 293 K for lysozyme and
ubiquitin, respectively. Data sets resulting from 512 increments of t1
were acquired, and zero filled to 1024 points, with each free induction
decay comprising 2048 complex data points (32 scans were collected
at each increment). Data processing was identical for each spectrum.
A squared sinebell weighting function, using a phase shift of 60°, was
applied in each dimension before Fourier transformation. The extent of
labelling at slowly exchanging amide NH sites was determined by
volume integration of the corresponding CH–NH cross peaks using
the programme ANSIG [29]. The average volume of two cross peaks
due to nonexchanging aromatic ring protons were used as an internal
intensity standard to allow comparison of spectra from different protein
samples.
Dead time labelling experiments
The experiments were performed at 20°C using a Bio-Logic QFM-5
rapid-mixing apparatus. Protein samples (20 mg ml–1) were initially
denatured in 6 M GuDCl in D2O (adjusted to pD 3.5 in the case of
ubiquitin) and incubated for at least 1 h to ensure complete substitution
of the amide protons by deuterium. Refolding was initiated by a 1:10
dilution into a labelling buffer (200 mM sodium borate, in H2O) at alka-
line pH. The labelling pulse was terminated after 3.5 ms (the effective
dead time of the apparatus) by dilution with a volume 10 times that of
the initial protein solution of 0.5 M acetic acid (1 M acetic acid was
used when the labelling pH exceeded 9.8). In each case, the final pH
was around 4, at which folding could proceed to completion while
further exchange of the amides studied was negligibly slow. Samples
were then concentrated at 4°C by ultrafiltration and exchanged into
NMR buffer (40 mM deuterated acetic acid, pH 3.8 in D2O and 50 mM
deuterated acetic acid, pH 3.5 in D2O for lysozyme and ubiquitin,
respectively). NMR measurements were made within 24 h. Reference
NMR samples were prepared by unfolding the protein (20 mg ml–1) in a
6 M GuHCl solution with an isotopic composition of 91% H/9% D (the
same isotopic composition as the labelling mixture) at 20°C for 24 h so
that the amide sites were about 91% protiated. The protein was
refolded by a 1:10 dilution into 91% H2O/9% D2O. Samples were pre-
pared for NMR analysis as described above. The volume integrals
determined from these samples were used as the intensity standards
for proton occupancy. The pH dependence of the extent of labelling at
individual amide sites was analyzed as described in the Results section.
Intrinsic amide exchange rates
Random coil amide exchange rates under the particular conditions of
our refolding experiments were estimated by measuring the exchange
kinetics of PDLA, as a model random coil, using the UV spectrophoto-
metric method of Englander et al. [30]. Measurements were made at
20°C with a Bio-Logic SFM-3 stopped-flow module, using the CD
instrument lamp as a light source, with the spectral band width set at
4 nm. Transmitted light was conveyed to a photomultiplier tube via an
optical fibre bundle and quantified using a Bio-Logic PMS-200 detec-
tion system. Exchange was initiated by a 1:10 dilution of PDLA
(10 mg ml–1) in D2O into a water buffer containing 0.55 M GuHCl. The
denaturant was contained in the exchange buffer rather than the
polypeptide solution to minimize mixing artefacts. The increase in
absorbance at 222 nm was monitored directly. Kinetic traces covering
different time bases from 0.1–100 s were recorded as appropriate. At
least five kinetic traces, each defined by 1000 data points, were aver-
aged at each pH value. Corrections for minor baseline offsets were
made by subtracting the corresponding baseline spectrum. Kinetic
parameters were obtained by fitting a single exponential curve to the
experimental data. 
Pulse labelling under high pH refolding conditions
In order to check that the kinetics of acquisition of a high level of
exchange protection were similar at the high pH values used in the
dead time labelling experiments to those determined previously at
pH 5.3 [7], we carried out a series of pulse labelling experiments at a
refolding pH 9.2. Lysozyme samples (20 mg ml–1) were denatured in
6 M GuHCl in H2O and refolding was initiated by a 1:10 dilution into a
H2O buffer (20 mM borate, pH 9.2). Labelling was initiated after a
selected interval by dilution with an equal volume of D2O buffer (20 mM
borate, pH 9.2). This means that the full extent of labelling is limited to
50%. Refolding delays of approximately 4, 8, 25 and 50 ms were used.
The labelling pulse was terminated after 7.4 ms by dilution with a
volume five times that of the initial protein solution of 300 mM acetic
acid in 50:50 H2O/D2O. Samples were prepared for NMR analysis as
before. A reference NMR sample of 100% 1H lysozyme was used as
an intensity standard for proton occupancy.
Circular dichroism
Circular dichroism spectra were recorded at 20°C on a Jobin-Yvon
CD6 circular dichrograph, using a pathlength of 0.1 mm and a protein
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concentration of 0.5 mg ml–1. For kinetic studies this instrument was
coupled to a Bio-Logic SFM-3 stopped-flow module. A wavelength of
225 nm was selected, with a spectral bandwidth of 2.5 nm. The obser-
vation cell had a 1.5 mm pathlength. Ubiquitin (4 mg ml–1) was
unfolded in 6 M GuHCl, pH 3.5 and then diluted 1:10 with 200 mM
sodium borate buffer, pH 8.5 to initiate refolding. Kinetic traces cover-
ing a time base of 150 ms were recorded, using a sampling time of
2 ms. Baseline readings, obtained with only refolding buffer injected
into the cell, were recorded along with each refolding experiment to
allow accurate correction for any instrumental offsets. The data were
averaged over around 100 shots and the best fitting single exponential
calculated.
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